Introduction
Owing to their unique abilities for specific tumor antigen recognition and efficient cytolysis, CD8 + cytotoxic T lymphocytes (CTLs) represent the primary leukocyte population used for adoptive cell transfer (ACT) cancer treatment. ACT relies on isolation, followed by extensive ex vivo expansion of tumor-infiltrating CTLs (TILs) in the presence of copious amounts of growth factors (e.g., IL-2) in vitro, followed by autologous reinfusion into the patient (1, 2) . Recent advances in CTL engineering have allowed the enforced expression of high-affinity and tumor-specific T cell receptors (TCRs) or chimeric antigen receptors, thereby mitigating part of the difficulties in CTL isolation and expansion, and the efficacy of tumor antigen targeting (2) (3) (4) . Paradoxically, although these strategies are capable of generating highly cytotoxic tumor-specific CTLs in vitro, the clinical success of ACT using ex vivo IL-2-conditioned and TCR-redirected CTLs has been partial at best -the majority of patients fail to respond with complete tumor regressions (5) (6) (7) .
This apparent discrepancy between the in vitro and in vivo functionality of CTLs in ACT is largely attributed to the presence of immunosuppressive barriers within the tumor microenvironment, which are co-opted by tumors to evade the host immune system (8) (9) (10) (11) . Of these, TGF-β is a key cytokine during tumor pathogenesis secreted and upregulated by a wide variety of tumors, including melanoma and lung cancer (12) (13) (14) (15) . In melanoma and lung cancer patients, high plasma TGF-β levels are a negative prognostic indicator of tumor progression, because of their association with increased metastasis and relapse rates, as well as decreased overall patient survival (16) (17) (18) . Moreover, local expression of TGF-β is further elevated within metastatic melanoma lesions, compared with their primary tumors (19) . TGF-β promotes tumor outgrowth and metastasis in various avenues, a critical one of which is to hamper productive antitumor immune responses. Specifically, TGF-β-induced SMAD signaling in both naive and full-fledged effector CTLs represses their expression of key cytotoxic mediators, including granzyme B and IFN-γ, resulting in CTL dysfunction and impaired tumor rejection (20, 21) . Engineering tumor-specific CTLs to overcome TGF-β-mediated immune suppression and preserve their cytotoxicity within the tumor microenvironment therefore remains one of the holy grails in the field of cancer intervention.
CTL function and cytotoxicity are governed by several key transcription regulators, including T-bet, EOMES, and BLIMP-1. In effector CTLs, T-bet and EOMES are compensatory and essential transcriptional factors enforcing a type 1 program that instructs their differentiation into highly potent killer CTLs -T-bet and EOMES drive the expression of type 1 cytotoxic mediators (e.g., granzyme B, perforin, and IFN-γ) for the eradication of malignant cells, while simultaneously repressing the acquisition of an unproductive type 17 program that targets extracellular pathogens (22) (23) (24) (25) . Unsurprisingly, T-bet and EOMES double-deficient CTLs have severely impaired cytotoxicity and antitumor responses (24, 26) . Likewise, by repressing the quiescent transcriptional program characteristic of memory CTLs, the transcriptional regulator BLIMP-1 is also essential for promoting CTL cytotoxicity and
CD8
+ cytotoxic T lymphocytes (CTLs) have potent antitumor activity and therefore are leading candidates for use in tumor immunotherapy. The application of CTLs for clinical use has been limited by the susceptibility of ex vivo-expanded CTLs to become dysfunctional in response to immunosuppressive microenvironments. Here, we developed a microRNA-targeting (miRNA-targeting) approach that augments CTL cytotoxicity and preserves immunocompetence. Specifically, we screened for miRNAs that modulate cytotoxicity and identified miR-23a as a strong functional repressor of the transcription factor BLIMP-1, which promotes CTL cytotoxicity and effector cell differentiation. In a cohort of advanced lung cancer patients, miR-23a was upregulated in tumor-infiltrating CTLs, and expression correlated with impaired antitumor potential of patient CTLs. We determined that tumor-derived TGF-β directly suppresses CTL immune function by elevating miR-23a and downregulating BLIMP-1. Functional blocking of miR-23a in human CTLs enhanced granzyme B expression, and in mice with established tumors, immunotherapy with just a small number of tumor-specific CTLs in which miR-23a was inhibited robustly hindered tumor progression. Together, our findings provide a miRNA-based strategy that subverts the immunosuppression of CTLs that is often observed during adoptive cell transfer tumor immunotherapy and identify a TGF-β-mediated tumor immune-evasion pathway.
Targeting miR-23a in CD8 + cytotoxic T lymphocytes prevents tumor-dependent immunosuppression toxicity induced by DCs and B cells indicate that these 2 priming conditions elicit distinct cytotoxic transcriptomes in CTLs; therefore, as unphysiological as it may be, our in vitro priming system provides us with a comparative platform for discovering master regulator(s) of cytotoxicity.
As miRNAs can simultaneously regulate the expression of multiple genes post-transcriptionally (31, 45) , miRNA-based immunotherapy holds the potential to bypass the need for complex transcriptional reprogramming of effector CTLs. We therefore sought to identify miRNAs that modulate cytotoxicity using our in vitro priming system. After 3 days of priming with either DCs or B cells, we isolated the differentially primed CTLs for miRNA expression profiling (46) . Among the 350 miRNAs screened, 18 were significantly differentially expressed: 13 miRNAs were downregulated and 5 were upregulated in DC-primed CTLs ( Figure 1C , Supplemental Figure 2A , and Supplemental Table 1 ). To determine whether these miRNA candidates directly impacted CTL cytotoxicity, we assessed granzyme B expression in pMel-1 CTLs overexpressing either the respective miRNAs, or a mock-GFP control vector. Only miR-23a was able to inhibit both granzyme B and T-bet expression in CTLs (Supplemental Figure 2C and data not shown). Interestingly, although miR-23b -a paralog of miR-23a -was similarly suppressed in DC-primed CTLs ( Figure 1C and Supplemental Table 1) , miR-23b overexpression did not affect granzyme B levels (Supplemental Figure 2E ). Further validation experiments corroborated that miR-23a expression in CTLs was dramatically suppressed during DC priming ( Figure 1D ). While miR-23a did not affect CTL proliferation (Supplemental Figure 2F ) and AICD (Supplemental Figure 2G) , overexpression of miR-23a (~3.4 ± 1.0-fold increase from 3.5 × 10 4 ± 0.6 × 10 4 copies per cell; Supplemental Figure 2 , B-D) blunted the expression of multiple key CTL effector molecules and transcription factors in vitro ( Figure 1E ). These data suggest that miR-23a may negatively regulate CTL cytotoxicity.
Forced miR-23a expression compromises antitumor CTL effector responses in vivo. To investigate the impact of miR-23a on CTL antitumor efficacy in vivo, we made use of the poorly immunogenic B16/F10 melanoma tumor model (40) . Equal numbers (i.e., 0.6 × 10 6 ) of mock pMel-1 CTLs, miR-23a-overexpressing pMel-1 CTLs, or PBS vehicle control were infused into B16/F10 tumor-bearing mice. As previously reported (47, 48) , pMel-1 CTLs expressing the mock vector retarded tumor growth substantially. However, this protection was completely abrogated by the forced expression of miR-23a -mice receiving miR-23a-overexpressing CTLs exhibited accelerated tumor progression and higher tumor burdens, comparable to those of untreated (PBS) tumor-bearing mice ( Figure 2, A and B) . Although miR-23a did not affect CTL accumulation within the tumor (Figure 2 , C and D), miR-23a significantly undermined the expression of several key effector molecules in pMel-1 TILs ( Figure 2E ), and in peripheral pMel-1 CTLs ( Figure 2F ). Taken together, these results functionally validate that forced miR-23a expression antagonizes antitumor CTL effector responses in vivo.
Functional blockade of miR-23a in CTLs augments their antitumor function in vitro.
Having identified miR-23a as a repressor of CTL cytotoxicity, we developed 2 strategies for blocking miR-23a function: treatment with an anti-miR-23a locked nucleic acid (LNA) (39) and retroviral transduction of a miR-23a decoy vector (49) .
effector differentiation (27) (28) (29) . Notably, BLIMP-1-deficient effector CTLs have impaired cytotoxicity, and show reduced expression of multiple type 1 cytotoxic mediators (27, 28) .
To enhance the efficacy of current tumor immunotherapy, we became interested in a novel microRNA-based (miRNA-based) approach to augment the cytotoxic capacity of tumor-specific CTLs ex vivo. miRNAs are a group of small noncoding RNAs that have emerged as key regulators of gene expression in plants and animals (30) . Importantly, mounting evidence indicates that miRNAs are integral and effective regulatory elements of the adaptive immune system (31) (32) (33) (34) (35) , making the manipulation of miRNA levels in CTLs an attractive means of enhancing antitumor adaptive responses. In addition, miRNA-based therapy offers two advantages over conventional protein-target-based immune modulation -it is far more straightforward to engineer antisense miRNA inhibitors, and miRNA-based gene therapy can be readily incorporated into conventional ACT (36) (37) (38) (39) . Unfortunately, little is known of the therapeutic miRNA targets, which are capable of sustaining effector CTL function particularly in the face of tumorinduced immunosuppression.
To address this knowledge gap, we compared the miRNA expression profiles of poorly and highly cytotoxic CTLs generated under different priming conditions, and identified miR-23a as a key inhibitor of antitumor responses in mouse and human CTLs. We demonstrate that miR-23a downregulates its mRNA target BLIMP-1, and simultaneously inhibits the expression of multiple key CTL effector molecules and transcriptional regulators. Additionally, we establish cMYC and tumor-associated TGF-β as key determinants of miR-23a abundance in effector CTLs.
Results
Identification of miR-23a expression as a negative correlate of cytotoxicity of effector CTLs. To screen for key miRNA regulators of CTL effector responses, we used different in vitro systems that are well known for generating CTLs with different killing capacities. Naive murine pMel-1 CTLs were primed in vitro with either mature bone marrow-derived DCs (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI76561DS1), or splenic B cells pulsed with the melanoma tumor-associated antigen hgp100 (40) . pMel-1 CTLs expanded with peptide-loaded syngeneic B cells displayed very poor cytotoxic capacity at an effector/target (E/T) ratio of 5:1; in contrast, CTLs expanded with DCs exhibited 5-fold higher cytotoxic potency ( Figure 1A) . Accordingly, we found that DCprimed CTLs expressed higher levels of key cytotoxic mediators (granzyme B and IFN-γ), and upstream master regulators (T-bet, EOMES, and BLIMP-1) ( Figure 1B ). Killing deficiencies observed in B cell priming were previously reported to result from impaired granzyme B expression and increased activation-induced T cell death (AICD) (41, 42) , which could be overcome by IL-15 and IL-21 (43, 44) . Consistent with earlier reports (41) (42) (43) (44) , the addition of exogenous IL-15 and IL-21 during B cell priming partially rescued granzyme B expression (Supplemental Figure 1C) and AICD (Supplemental Figure 1D ) in CTLs. However, when challenged with a high ratio of antigen-pulsed target cells (E/T = 5:1), these cytokines enhanced their in vitro cytotoxicity insignificantly (Supplemental Figure 1E ). Qualitative differences in CTL cyto-antagomir (Supplemental Figure 3B) , or an antagomir against the unrelated miR-122 (Supplemental Figure 3C) . However, neither antagomir was able to augment CTL effector molecule expression. In spite of this functional enhancement, chemically modified oligonucleotides, such as LNAs, cannot be permanently retained in activated T cells in vivo (data not shown and ref. 39 ). The short-lived effects of LNA treatment in T cells therefore make it difficult to investigate the long-term antitumor efficacy of miR-23a-inhibited CTLs in vivo.
Aimed at achieving long-lasting miR-23a inhibition, we developed a second approach. We retrovirally transduced CTLs with a In the first approach, a 6-fluorescein (FAM) fluorescent label conjugated to the 5′-end of the LNA facilitates monitoring the transfection efficiency, enables CTLs that have taken up the LNA to be distinguished as an FAM + population ( Figure 3A) , and provides LNA-treated FAM -CTLs as an internal control for the specificity of LNA-mediated miR-23a inhibition. In comparison with the FAM -pMel-1 CTLs, the expression of EOMES, T-bet, and granzyme B was augmented in the miR-23a-inhibited FAM + population ( Figure 3 , B and C). To ensure that these observed changes are specific to miR-23a, CTLs were also treated with saturating amounts (Supplemental Figure 3A) of a scrambled pression, the miR-23a decoy augmented the expression of cytotoxic modulators and effectors in CTLs ( Figure 3F ), and significantly enhanced their in vitro cytotoxicity over a wide range of E/T ratios ( Figure 3G ), reiterating our findings that miR-23a inhibition effectively augments CTL functional capacity on a per-cell basis. miR-23a blunts CTL effector responses by targeting BLIMP-1. We next sought to investigate the molecular mechanism through which miR-23a modulates CTL effector function. Since glutamine metabolism is central for appropriate T cell activation (52) , and miR-23a has previously been shown to directly target glutaminase (GLS) in cancer cell lines (53), we examined the impact of miR-23a on GLS expression in pMel-1 CTLs. However, inhibiting miR-23a by means of the miR-23a decoy failed to upregulate Gls mRNA levmiR-23a decoy vector capable of sequestering endogenous miR23a (49) . To simultaneously allow the selection of engineered cells, we constructed a bicistronic viral backbone, in which the expression of a selectable marker (iRFP, ref. 50, or puromycin resistance) and the expression of a GFP decoy/reporter are driven independently by the viral 5′-LTR and PGK promoters, respectively ( Figure 3D ). To maximize their independent expression, we inserted an insulator sequence (51) between the selectable marker and decoy cassettes. A vector omitting miR-23a target sites serves as a mock control. In CTLs transduced with the miR-23a decoy, GFP expression was substantially quenched by 85%, indicating that endogenous miR-23a had been sequestered by our synthetic 3-UTR ( Figure 3E ). Consistent with LNA-mediated miR-23a sup- To assess direct binding of miR-23a to the 3′-UTR of these predicted targets, we constructed luciferase reporters containing the full-length 3′-UTR of the Prdm1, Tbet, or Eomes gene. Each of these luciferase reporters was then cotransfected into Jurkat T cells, together with either a mock vector or the miR-23a overexpression vector. Luciferase activity controlled by the Prdm1 3′-UTR, but not the Tbet or Eomes 3′-UTR, was significantly suppressed by miR-23a els (Supplemental Figure 4A ), indicating that miR-23a was unlikely to target GLS in primary effector CTLs. Therefore, we went on to search for miR-23a targets using miRecords (54) . miR-23a was computationally predicted to target BLIMP-1 (encoded by the Prdm1 gene) at a highly evolutionarily conserved site ( Figure 4A ), and to target T-bet and EOMES at weakly conserved sites (Supplemental Figure 4B ). ( Figure 4B ). When the Prdm1 3′-UTR site predicted to interact with the miR-23a seed region was mutated (Supplemental Figure 4C ), luciferase reporter activity was no longer controlled by miR-23a (Supplemental Figure 4D) . Consistent with this, the miR-23a decoy rescued Prdm1 mRNA ( Figure 4C ) and protein ( Figure 4D ) expression in pMel-1 effector CTLs. Interestingly, although T-bet is not a direct target of miR-23a, Tbet mRNA levels were modestly, albeit significantly, increased in miR-23a-inhibited CTLs. Mirroring earlier findings that Tbet transcription is downregulated in Prdm1 -/-effector CTLs (28), the observed augmentation in T-bet expression is likely a secondary effect of increased BLIMP-1 abundance in miR-23a-inhibited CTLs. Taken together, these results show that by directly regulating BLIMP-1 expression, silencing miR-23a in CTLs increases their antitumor responses and cytotoxic potency.
In effector CTLs, TCR activation and TGF-β signaling differentially regulate miR-23a expression. Next, we sought to elucidate how signals received during priming, and within the tumor microenvironment, may reprogram effector CTLs through the alteration of miR-23a levels. We initially identified miR-23a to be differentially regulated in effector CTLs induced by different APCs (Figure 1C ), indicating that miR-23a expression in CTLs can be modulated by cell-extrinsic signals. Therefore, we explored multiple pathways known to be differentially influenced by DCs versus B cells. We first explored differences arising from the T/APC interface: TCR signaling strength, coreceptor signals, and NOTCH signaling. Although TCR activation effectively suppressed miR-23a expression in CTLs, increasing the avidity of TCR signaling by varying plate-bound anti-CD3 antibody concentrations from 10 ng/ml to 10 μg/ml did not further alter miR-23a levels ( Figure 5A ). This 10-ng/ml anti-CD3 threshold indicates that while miR-23a expression is highly sensitive to TCR activation, alteration of TCR signaling strength is not involved in fine-tuning miR-23a abundance in CTLs. Costimulatory signals from CD28 and CD40L, too, had no effect on miR-23a expression (Supplemental Figure 5, A and  B) . We also investigated the involvement of PD-1, an inhibitory checkpoint molecule exploited by immune-subversive tumors (8, Prdm1. This indicates that the suppression of CTL cytotoxicity by TGF-β is, in part, post-transcriptionally mediated by miR-23a and its consequent suppression of the master regulator BLIMP-1.
To investigate whether tumors are capable of driving up miR-23a expression in CTLs, we activated CTLs in the presence of tumor cell-conditioned media. We additionally blocked TGF-β function with an antibody to directly assess the contribution from TGF-β. miR-23a was significantly upregulated in CTLs treated with tumor cell-conditioned media; however, this increase was dampened upon neutralization of TGF-β ( Figure 5D ). These results demonstrate that in the context of the tumor microenvironment, TGF-β is a primary modulator of miR-23a expression in antitumor CTLs.
TCR and TGF-β signaling converge on cMYC to differentially modulate miR-23a expression in effector CTLs. We next investigated the signal integration from TCR activation and TGF-β stimulation that controls miR-23a expression. cMYC is one such convergent node impacted by both TCR (52, 62) and TGF-β receptor signaling (63, 64) . We examined whether cMYC plays a critical role in regulating pri-miR-23a expression in effector CTLs. Indeed, within 24 hours of activation, naive pMel-1 CTLs rapidly upregulate cMYC expression ( Figure 5E ), which coincides with a 6.7-fold decrease in pri-miR-23a transcription ( Figure 5F ). By contrast, during CTL priming, TGF-β repressed Myc mRNA expression ( Figure 5G ), while augmenting transcription of the cMyc antagonists Mad1 and Mad4 ( Figure 5H ). This finding in primary T cells parallels an earlier report that cMYC transcriptionally represses the precursor of miR-23a (pri-miR-23a) in cancer cell lines (53) . To interrogate the causal relationship between cMYC activity and miR-23a expression, we activated naive pMel-1 CTLs in vitro in the presence of 10058-F4, a specific inhibitor that blocks MYC-MAX dimerization (65) . In TCR-activated CTLs, cMYC inhibition increased mature miR-23a expression ( Figure 5I ), but only resulted in a partial rescue (~50%) of pri-miR-23a transcripts ( Figure 5F ). At least 2 explanations may account for this incomplete rescue: one possibility is that other inhibitory mechanisms, in parallel to cMYC, may be involved in suppressing pri-miR-23a transcription; alternatively, transcribed pri-miR-23a may have undergone active miRNA processing, which prevents the accumulation and detection of primiR-23a transcripts. With Dicer-deleted CTLs, in which miRNA biogenesis was largely blocked, pri-miR-23a transcripts were fully rescued to levels of their naive counterparts ( Figure 5J ), supporting the latter possibility. Taken together, these results suggested that cMYC is the major repressor of pri-miR-23a transcription in primed CTLs. Our findings thus identified cMYC as a key signaling node that integrates signals transduced through the TCR and TGF-β receptor to consequently govern miR-23a expression levels in effector CTLs. Interestingly, we noted that even with strong TCR signals, exposure of CTLs to TGF-β could effectively override TCR-induced cMYC activation ( Figure 5G ) and upregulate miR-23a ( Figure 5B) . Therefore, despite converging on the same signaling node, a TGF-β-enriched tumor microenvironment, but not tumor antigen-elicited TCR signaling, is the dominant regulator of miR-23a expression in CTLs.
Neutralizing miR-23a in CTLs mitigates TGF-β-induced immunosuppression. The secretion of TGF-β by malignant tumor cells poses a key hurdle to effective CTL antitumor responses (66, (55) (56) (57) . Blocking the PD-1 ligands expressed on DCs (Supplemental Figure 5C ) had no effect on miR-23a abundance (Supplemental Figure 5D ). Conversely, inhibiting miR-23a in CTLs did not alter their surface expression of PD-1 (Supplemental Figure 5E ).
Since NOTCH signaling is known to promote CTL antitumor responses (58, 59) , and Notch ligands are differentially expressed on the surface of DCs and B cells (60, 61) , we speculated that NOTCH activation may repress miR-23a expression. However, constitutively activating NOTCH in CTLs by forced expression of the NOTCH1 intracellular domain (Supplemental Figure 5F ) failed to impact miR-23a expression in CTLs (Supplemental Figure 5G) . In reciprocal loss-of-function studies, inhibiting NOTCH signaling with a γ-secretase inhibitor (Supplemental Figure 5H ) similarly had no effect on miR-23a expression in CTLs (Supplemental Figure 5I) .
In addition to cell/cell interactions, soluble cytokines generated during CTL priming may also influence miR-23a abundance. Therefore, we activated purified naive CTLs in the presence of various DC-derived cytokines for 3 days, before assessing miR-23a expression. Among the panel of cytokines tested, which included type 1 cytokines (IL-2, IL-12, IFN-γ, and TNF-α), inflammasomederived cytokines (IL-1β and IL-18), and type 1 interferon (IFN-β), none were able to consistently or appreciably regulate miR-23a expression in CTLs (Supplemental Figure 6A) .
Finally, we explored the hypothesis that cytokines usually found within the tumor microenvironment -IL-6, IL-10, and TGF-β (57) -may promote miR-23a expression in CTLs. Within this group, IL-6 and IL-10 failed to appreciably impact miR-23a expression (Supplemental Figure 6B) . In contrast, TGF-β upregulated miR-23a levels ( Figure 5B ) and inhibited Prdm1 expression ( Figure 5C ) in a dose-dependent manner. Importantly, the regulation of Prdm1 by TGF-β closely mirrored that of miR-23a: 1 ng/ml TGF-β altered neither miR-23a nor Prdm1 levels; however, a saturating dose of 10 ng/ml TGF-β significantly stimulated miR-23a expression, while concurrently inhibiting the miR-23a target, we isolated TILs from pMel-1 mice bearing various burdens of B16/ F10 melanoma. We found a strong positive correlation between tumor burden and miR-23a expression in TILs ( Figure 7A ). To assess whether miR-23a-mediated CTL suppression is associated with the clinical pathology of human cancers, we explored the relationship between miR-23a expression and TIL cytotoxic potential in a cohort of advanced lung cancer patients. In these patients, pleural effusion CTLs are a good reflection of TILs, as they have received similar conditioning in the tumor microenvironment (e.g., by IL-10 and TGF-β; ref. 68) and are known to be functionally reminiscent of TILs (69, 70) . As a control for basal gene expression outside the tumor and to normalize for interindividual variations, we also isolated CTLs obtained from the peripheral blood (PBMCs) of each patient for paired-sample analysis. As compared with CTLs in the periphery, miR-23a in TILs was elevated by a mean of 5.45 ± 1.70-fold ( Figure 7B ). This upregulation of miR-23a corresponded with a downregulation of PRDM1 mRNA levels in TILs ( Figure 7C) ; additionally, we found an inverse correlation between miR-23a and PRDM1 mRNA expression ( Figure 7D ). These observations reiterate our findings that miR-23a directly targets BLIMP-1 in CTLs (Figure 4 ). We also analyzed IFNG mRNA and granzyme B protein expression as more direct readouts of antitumor potential. In these patient samples, IFNG expression was significantly downregulated in TILs (Figure 7E) , and correlated inversely with miR-23a levels ( Figure 7F) ; moreover, granzyme B expression on a population level and on a per-cell basis ( Figure 7 , G and H) was sharply diminished in TILs. Additionally, human PBMCs treated with the anti-miR-23a LNA showed enhanced granzyme B expression ( Figure 7I ), indicating that functional blockade of miR-23a can boost the cytotoxicity of human CTLs. Taken together, these results demonstrated that miR-23a is a clinically relevant and translatable target for the immunotherapy of human cancers.
Adoptive transfer of miR-23a-inhibited CTLs robustly retards tumor progression. In view of the clinical relevance of miR-23a, we went on to examine the efficacy of our miR-23a targeted therapeutic strategy for cancer intervention. As a novel gene therapy tool, our bicistronic, dual-reporter retroviral construct ( Figure 3D ) poses several advantages for CTL programming: (a) it can be readily incorporated into conventional ACT, as ex vivo-expanded tumorspecific CTLs can be simultaneously transduced with the retrovirus; (b) the selectable marker enables successfully engineered and functionally robust CTLs to be selected/enriched for reinfusion; (c) GFP reporter activity allows the effectiveness of miR-23a inhibition to be conveniently monitored. With this tool, we mimic human cancer therapy by using 2 mouse models of established tumors: B16/F10 melanoma ( Figure 8 , A-C) and Lewis lung cancer overexpressing ovalbumin (LLC-OVA) (Figure 8, D-F) . When tumor masses reached palpable growth, we sublethally irradiated the tumor-bearing mice, and injected either 0.2 × 10 6 miR-23a decoy-expressing pMel-1 or OT-I CTLs intratumorally. Compared with equal numbers of mock cells, treatment with miR-23a-inhibited CTLs dramatically retarded tumor progression (Figure 8 , A and D), and significantly reduced tumor burdens (Figure 8 , B, C, E, and F). Upon examining tumor pathology 10 days after CTL transfer, we found that although CTL persistence within the tumor mass was unaffected ( Figure 8F ), miR-23a-inhibited CTLs 67). Having unveiled a novel regulatory pathway between TGF-β, miR-23a, and BLIMP-1 expression in CTLs, we hypothesized that this may be another mechanism by which TGF-β facilitates immune evasion; and that, by functionally neutralizing this TGF-β-induced accumulation of miR-23a, we can preserve CTL immunocompetence. To directly validate this hypothesis, we interrogated the resilience of CTLs to TGF-β challenge upon LNAand decoy-mediated miR-23a functional blockade. In CTLs, IFN-γ and granzyme B are known to be suppressed by TGF-β (21), and are also cytotoxic effectors regulated by the miR-23a target BLIMP-1 (27, 28) . Therefore, we used these 2 parameters as functional readouts of BLIMP-1 rescue and cytotoxicity. Consistent with an earlier report (21) , TGF-β dramatically repressed the acquisition of granzyme B ( Figure 6A ) and IFN-γ (Supplemental Figure 7) by naive CTLs; however, treatment with the anti-miR-23a LNA partially rescued the expression of these CTL effector molecules, even at high concentrations of TGF-β ( Figure 6A and Supplemental Figure 7 ). As ACT uses activated rather than naive T cells for tumor immunotherapy, we also sought to evaluate the functional competence of effector CTLs expressing the miR-23a decoy upon TGF-β exposure. In agreement with earlier reports (20, 21) , TGF-β treatment blocked IFN-γ production in both mock-and miR-23a decoy-transduced CTLs ( Figure 6B ). Again, even after a 48-hour TGF-β conditioning, miR-23a decoy-transduced CTLs still maintained IFN-γ production at a level similar to TGF-β-untreated mock CTLs. This indicates that miR-23a elevation is a major posttranscriptional mechanism through which TGF-β blunts CTL cytotoxicity; importantly, inhibition of miR-23a in effector CTLs relieves TGF-β-mediated functional suppression.
miR-23a expression correlates inversely with antitumor potential of mouse and human TILs. To understand the preclinical relevance of miR-23a expression in CTLs within the tumor microenvironment, While earlier mechanistic studies focused on SMAD2/3 residing on the cis-elements within regulatory regions of the Ifng and Gzmb genes (21), our data revealed that even after SMAD activation, there still exists a pathway of rescue to preserve cytotoxicity (Figure 9) . By targeting miR-23a, our in vitro and in vivo data demonstrated the robustness of this preservation, and we attribute the robustness of miR-23a-mediated suppression to the strength of its target, BLIMP-1. BLIMP-1 is an essential master regulator that turns on the cytotoxic transcriptional program in activated CTLs. Notably, BLIMP-1-deficient CTLs fail to differentiate into cytotoxic effectors, owing to their impaired expression of multiple cardinal cytotoxic molecules, including granzyme B and IFN-γ, as well as the transcription factor T-bet (27, 28) . We showed, for the first time to our knowledge, that TGF-β can control BLIMP-1 expression through a miRNA-mediated post-transcriptional mechanism; moreover, abrogating miR-23a ameliorates TGF-β-induced CTL suppression, by rescuing the BLIMP-1 downstream targets granzyme B and IFN-γ ( Figure 6 , A and B). Our findings identify miR-23a as a TGF-β-responsive rheostat that fine-tunes BLIMP-1 levels in activated CTLs, and highlight the TGF-β/miR-23a/BLIMP-1 axis as a key post-transcriptional determinant controlling CTL cytotoxicity in an immunosuppressive environment. Therefore, TGF-β-mediated immunosuppression is supported by at least 2 pillars: direct SMAD-mediated transcriptional repression on effector molecules, and indirect miR-23a-mediated post-transcriptional controls on the BLIMP-1. Most importantly from the therapeutic we attempted to redirect the focus of CTL engineering from amplifying the quantity to improving the quality of individual CTLs, which could help to overcome both limitations. We initially identified miR-23a as a hurdle to effector CTL responses by differential priming with B cells or mature DCs. Clearly, this in vitro priming system was not designed to recapitulate the complexities of CTL responses within the tumor microenvironment; however, further investigation into factors that control miR-23a expression in CTLs led to our discovery that miR-23a was in fact a target of the immune-subversive tumor microenvironment. That miR-23a inhibition imparts functional resilience to CTLs, particularly when challenged with immunosuppressive conditions, is supported by 2 pieces of evidence. Firstly, we observed that the enhancement in cytotoxicity provided by CTL-specific miR-23a blockade was consistently more profound in vivo (Figure 8 , A and D) than in vitro ( Figure 3G ). We speculated that in vivo, the susceptibility of WT CTLs to TGF-β-induced suppression might have magnified the functional advantage of miR-23a-inhibited CTLs. Secondly, our in vitro TGF-β challenge experiments directly illustrated that inhibiting miR-23a in CTLs could, at least partially, preserve their immunocompetence in spite of high TGF-β concentrations ( Figure 6, A and B) . Our mechanistic studies on miR-23a regulation uncovered a novel mechanism of TGF-β-induced immunosuppression on CTLs: the TGF-β/miR-23a/BLIMP-1 axis. The immunosuppressive effects of TGF-β on CTLs are well established (20, 21, 67 ). To quantify the expression of mature miRNA expression, E. coli poly A polymerase (Epicentre) was first used to generate polyadenylated tails at the 3′-end of all RNA molecules. After annealing oligo-dT primers, cDNA was synthesized using the qScript Flex cDNA synthesis kit (Quanta Biosciences) according to the manufacturer's instructions for gene-specific priming, with 1 modification: a universal tag that would extend from the 3′-end of cDNA molecules was added during reverse transcription. With the addition of this universal tag, individual miRNAs were detected with miRNAspecific forward primers and a reverse universal primer mix. A SYBR Green-based real-time PCR method was used to quantify the relative expression of mature miRNAs. In the miRNA expression profiling array, a total of 355 mature miRNAs were evaluated in DC-and B cellprimed CTLs (n = 3 independent experiments). miRNA expression was normalized by geometric mean-based global normalization using the Realtime StatMiner (Integromics) analysis software. Differential miRNA expression was determined by paired t test, with significance level set at 0.05. The complete set of miRNA expression profiling data is available on the NCBI Gene Expression Omnibus database under the accession number GSE60884. mRNA and pri-miRNA quantitative PCR. Total RNA from cells was isolated using the RNAqueous Micro-kit (for samples containing 10 5 to 0.5 × 10 6 cells) or the mirVana miRNA Isolation kit (for samples containing ≥ 0.5 × 10 6 cells) (both from Ambion) according to the manufacturer's instructions. cDNA was reverse-transcribed from total RNA using a mixed priming strategy (oligo-dT and random primers) with the qScript Flex cDNA synthesis kit (Quanta Biosciences) according to the manufacturer's instructions. A SYBR Green-based real-time PCR method was used to quantify the relative expression of mRNAs and pri-miRNAs. miR-23a decoy construct design and retroviral transduction. The miR-23a decoy vector is a bicistronic retroviral backbone that encodes 2 independent expression cassettes: the 5′-LTR drives the expression of the selectable marker (either iRFP, ref. 50, or puromycin resistance), whereas the PGK promoter drives the expression of a GFP decoy/reporter. The GFP reporter contains an insertion of 8 tandem miR-23a binding sites (GGAAATCCCTGcgAATGTGATcgttGGAAATCCCTccCAATGTGATactcGGAAATCCCacGCAATGTGATgtacGGAAATCCCaccCAATGTGATccgaGGAAATCCCTcc g A AT G T G ATa c g c G G A A AT C C C T c c C A AT G T G ATc c t a GGAAATCCCaccCAATGTGATagctGGAAATCCgacGCAATGTGAT) in its 3′-UTR to monitor the sponge effect of decoy targeting sites. Between these 2 cassettes, we additionally inserted an insulator sequence comprising 2 tandem repeats of the chicken β-globin FII/FIIIΔspacer insulator fragment (FII/FIIIΔspacer: aggcgcgcccccagggatgtaattacgtccctcccccgctagggggccggccagcaccggtccggcgctccccccgcatccccgagccggggcgcgcct) (51) to maximize their independent expression. As a control, a mock decoy vector lacking miR-23a binding sites in its GFP 3′-UTR was also generated.
On day 0, cells from the lymph nodes of pMel-1 and OT-I mice were harvested and seeded into 24-well plates. Non-T cells in the lymph nodes served as APCs, and CTLs were primed in vitro by the point of view, taking down just 1 pillar by blocking miR-23a function is sufficient to maintain CTLs' cytotoxicity machinery at an adequate level for tumor intervention.
Within the tumor microenvironment, TGF-β is a key mediator of tumor immune evasion. Blocking TGF-β signaling in CTLsby TGF-β neutralization or enforced expression of the dominantnegative TGF-βRII -can reverse their immune-tolerant state to promote tumor regression in vivo (21, 67, 71, 72) , making TGF-β and molecules in the TGFBR-mediated signaling pathway druggable targets for tumor therapy (73) . However, current preclinical and clinical data indicate that, because of its profound impact on immunosuppression and a wide range of physiological functions, systemic administration of anti-TGF-β reagents can cause severe inflammatory damage and other adverse off-target pathologies (74) . By contrast, during the process of ex vivo expansion, ACT provides a window of opportunity to program tumor-specific CTLs with immunocompetence against TGF-β suppression. Notably, this reprogramming is restricted specifically to CTLs before reinfusion. Our findings highlight miR-23a as a clinically relevant target for this purpose, whose functional blockade presents two significant advantages for ACT: it not only augments the cytotoxic potency of tumor-specific CTLs, but also mitigates TGF-β-induced immunosuppression.
Methods
Mice. pMel-1 mice carrying a transgenic TCR specific for the B16 melanoma antigen gp100 (C57BL/6-Tg(TcraTcrb)8Rest/J) and OT-I mice (C57BL/6-Tg(TcraTcrb)1100Mjb/J) were purchased from The Jackson Laboratory. All mice were housed under pathogen-free conditions, and used between 6 and 10 weeks of age for experimental procedures.
Cell culture. T cells and EL4 thymoma cells were cultured in RPMI 1640 media supplemented with 10% FBS, 100 U/ml penicillin, 100 U/ml streptomycin, 2 mM l-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 50 μM 2-mercaptoethanol (henceforth referred to as complete RPMI) in a humidified 37°C incubator with 7% CO 2 .
Bone marrow-derived DCs were generated as previously described (75) . Briefly, total bone marrow cells were harvested from the femurs of C57BL/6 mice, and cultured in complete RPMI supplemented with 1:30 J558L conditioned media. The J558L cell line, a gift from David Baltimore (California Institute of Technology, Pasadena, CA), had been stably transfected with the murine GM-CSF cDNA, and its cell culture supernatant was used as a source of GM-CSF (76) . From day 3 to day 9, cells were fed every other day. Nonadherent cells were collected on day 9 and treated with 1 μg/ml LPS (Sigma-Aldrich) overnight. On day 10, nonadherent mature DCs were collected, and subjected to density gradient centrifugation over Histopaque (SigmaAldrich). The viable mature DCs isolated were washed 3 times in complete RPMI before coculture with naive T cells.
Naive T cells were isolated from lymph nodes and/or spleens using the Dynal mouse CD8 negative isolation kit (Invitrogen) according to the manufacturer's instructions. Anti-mouse Alexa Fluor 680, anti-rabbit Alexa Fluor 680, and antigoat Alexa Fluor 680 (all from Invitrogen) were used as secondary antibodies. Fluorescence intensity was measured on an Odyssey imaging system (LI-COR Biosciences).
In vitro cytotoxicity assays. EL4 cells were pulsed with 10 μM hgp-100 [25] [26] [27] [28] [29] [30] [31] [32] [33] or 10 μM OVA 257-264 overnight. Peptide-pulsed and unpulsed EL4 cells were labeled with 5 μM and 0.5 μM Cell Tracker Orange (Invitrogen), respectively, and mixed in a 1:1 ratio before coculture with CTLs. After 6 days of in vitro culture, viable pMel-1 CTLs were isolated by density gradient centrifugation over Histopaque (SigmaAldrich), and cocultured with labeled EL4 target cells at an E/T ratio of 5:1 for 6 hours in a humidified 37°C incubator. iRFP + and/or GFP + OT-I CTLs expressing the MSCV-iRFP-2Xins-mG-mock or the MSCV-iRFP-2Xins-mG-miR-23a decoy vector were sorted 48 hours after retroviral transduction, and cocultured with EL4 target cells at the indicated E/T ratios for 6 hours in a humidified 37°C incubator. After 6 hours of coculture, samples were harvested and stained with the Live/Dead Violet viability kit (Invitrogen) and anti-CD8α-FITC (Biolegend). CountBright Absolute counting beads (Invitrogen) were added to samples before acquisition on the FACSCanto II flow cytometer (BD), and data were analyzed using FlowJo software.
In vivo tumor models. The B16/F10 melanoma and LLC-OVA lung cancer cell lines were gifts from Thomas Tedder (Duke University) and Eckhard Podack (University of Miami, Miami, Florida, USA), respectively. Tumor cells were harvested by trypsinization, and cell viabilities greater than 95% were confirmed by trypan blue exclusion. To study the in vivo antitumor effects of miR-23a-overexpressing pMel-1 CTLs, 0. Target prediction and luciferase reporter assays. Candidate targets of miR-23a were derived from the integrated miRNA target prediction resource miRecords (http://mirecords.biolead.org/). The fulladdition of 5 μM hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] or OVA 257-264 , respectively. On day 1, 50 U/ml murine IL-2 was added. Six hours later, cells were spin-infected with retroviral supernatants at 1,250 g for 90 minutes at 37°C. CTLs from days 4-6 were used in experiments.
Lymphocyte isolation and miR-23a quantification from lung cancer patients. Pleural effusion samples were collected from newly diagnosed lung cancer patients with malignant pleural effusion (MPE). Patients included in this study neither underwent any invasive procedures directed into the pleural cavity, nor suffered chest trauma within the 3 months prior to hospitalization. At the time of sample collection, none of the patients had received any anticancer therapy, corticosteroids, or other NSAIDs. Pleural fluid samples were collected in heparin-treated tubes from each subject, using a standard thoracocentesis technique. Twenty milliliters of peripheral blood was drawn simultaneously. MPE and peripheral blood lymphocytes were isolated by density centrifugation using human lymphocyte separation medium (TBD) according to the manufacturer's instructions. Total RNA extraction, as well as miRNA and mRNA quantitative PCR, was performed as described above. For candidate endogenous controls, hsa-RNY3, hsa-U6, and hsa-U1 were included for miRNA quantitative PCR, while 18S RNA, RPLP0, and RPL13A were included for mRNA quantitative PCR. Using the Realtime StatMiner (Integromics) analysis software, geNorm analysis was performed, and the mean Ct values of RNY3 and U6 were chosen as internal controls for miRNA Ct normalization, while the mean Ct values of 18S RNA and RPLP0 were chosen as internal controls for mRNA Ct normalization. For each patient, the ΔΔCt of miR-23a and PRDM1 was then calculated from the difference between ΔCt values in TIL and PBMC samples, and transformed into a fold change. The relative expression of miR-23a and PRDM1 in PBMCs of each patient was arbitrarily set to 1.0. The ΔΔCt of IFNG mRNA was calculated from the difference between the ΔCt values of each sample and the TIL sample with the lowest ΔCt value, and transformed into a fold change.
Protein quantification by flow cytometry and Western blot. For cytokine staining, mouse pMel-1 CD8 + T cells and human lymphocytes were restimulated for 4 hours with 0.9 nM PDBu (Sigma-Aldrich) and 0.5 μg/ml ionomycin (Sigma-Aldrich), in the presence of 5 μg/ml brefeldin A (eBioscience) and 2 μM monensin A (eBioscience). Viable cells were stained using the Live/Dead Violet viability kit (Invitrogen) according to the manufacturer's instructions before intracellular staining. Intracellular staining for cytokines, granzyme B, and transcription factors was performed by fixing of cells in 2% paraformaldehyde, followed by membrane permeabilization in 0.1% saponin. Fc receptors were blocked before incubation with the following staining antibodies: anti-T-bet-PE, anti-granzyme B-Alexa Fluor 647, and anti-IFN-γ-PE (all from Biolegend); and anti-EOMES-Alexa Fluor 647 and anti-granzyme B-PE (both from eBioscience). Samples were acquired on the FACSCanto II flow cytometer (BD), and data were analyzed using FlowJo software. For Western blot analysis of protein expression, CTLs cultured for the indicated times were lysed in radioimmunoprecipitation assay buffer containing protease inhibitor (Roche) and phosphatase inhibitor cocktails 1 and 2 (Sigma-Aldrich). Samples were run on 10% polyacrylamide gels (BioRad) and transferred onto PVDF membranes. Proteins of interest were probed with the following primary antibodies: mouse anti-BLIMP-1 (Biolegend), rabbit anti-pSMAD2, rabbit anti-SMAD2/3 (both from Cell Signaling), and goat anti-β-actin (Sigma-Aldrich).
